Hypertriglyceridemic (HTG) serum, lipolyzed in vitro by purified bovine milk lipoprotein lipase, was found to be cytotoxic to cultured macrophages. Surviving macrophages contained numerous lipid inclusions similar to those found in foam cells. Individual lipoprotein fractions isolated from the lipolyzed HTG serum, including HDL, were also cytotoxic. Lipolysis of isolated lipoprotein fractions (either HTG or normal) allowed localization of cytotoxicity to postlipolysis remnant VLDL and chylomicron particles. The presence of a critical concentration of HDL in either the lipolysis mixture or the culture dishes inhibited the cytotoxicity. Below this critical concentration HDL itself became cytotoxic, producing lipid inclusions in surviving macrophages. The lipid fraction of the cytotoxic remnants contained the cytotoxic factor(s); neither FFA nor lysolecithin alone could account for this cytotoxicity. Postprandial lipemic sera from subjects with a brisk chylomicron response, when lipolyzed in vitro, were cytotoxic to cultured macrophages; neither fasted sera from these subjects, nor postprandial sera from normolipidemic subjects with a normal chylomicron response, were cytotoxic. Postheparin (in vivo lipolyzed) serum and its isolated lipoprotein fractions obtained 30 min after heparin injection in subjects with HTG were shown to be cytotoxic to macrophages; by 60 min most of the cytotoxicity had disappeared. The postprandial and postheparin observations support an in vivo significance for remnantassociated cytotoxicity. We hypothesize that cytotoxic remnants of lipolyzed VLDL and chylomicrons may be one of the major atherogenic lipoproteins. Further, we suggest that inhibition of the cytotoxicity of these remnants may be one important way that HDL prevents atherosclerosis.
Introduction
Elevated levels of circulating lipoproteins have been implicated as risk factors for the development of atherosclerosis (1) . Whereas most attention has been given to LDL as the atherogenic lipoprotein (2) , considerable evidence exists that other lipoprotein species may be at least as important as LDL in the pathogenesis of atherosclerosis (3) . The basic mechanisms for This work was presented in part at the American Heart Associations 60th Scientific Sessions, [16] [17] [18] [19] November 1987, Anaheim, CA. the putative atherogenicity of the different lipoproteins have yet to be clearly defined.
Dietary fat and cholesterol are absorbed from the intestine and secreted into the blood plasma in the form of triglyceride (TG)'-rich chylomicrons. Most cholesterol synthesized in the liver enters the plasma in the form of TG-rich VLDL. The initial step of catabolism of both TG-rich lipoproteins in plasma is hydrolysis of the TG of the lipoproteins by lipoprotein lipase (LpL) bound to the endothelial surface of blood vessels (4) . One consequence of this LpL-mediated hydrolysis of TG is a rise in the level of HDL through an episodic flux of excess surface components of TG-rich lipoproteins into the plasma HDL fraction (5) .
The severity of atherosclerosis in patients with certain types of hyperlipoproteinemias and in cholesterol-fed rabbits has been correlated with the levels of circulating lipolytic remnants of TG-rich lipoproteins, including #l-VLDL (6) (7) (8) (9) (10) . f3-VLDL and lipolytic remnants of TG-rich lipoproteins incubated in vitro with macrophages produce an accumulation of cholesteryl esters in these cells (1 1-14) , mimicking the appearance of one of the hallmark cells of the atherosclerotic plaque, the macrophage/foam cell. Unmodified LDL incubated with macrophages under the same conditions fails to produce a similar cholesteryl ester accumulation (1 1, 12) .
The pathogenesis of the atherosclerotic lesion involves an early stage in which the foam cell is the predominant lesion and a later stage in which necrosis is predominant. Published studies of the role of LDL or TG-rich lipoprotein remnants in atherogenesis have failed to explain adequately the inflammatory/necrotic nature ofthe atherosclerotic plaque. We show in this paper that lipolytic remnants of TG-rich lipoproteins are not only one cause of foam cell formation in macrophages but are also one cause of necrosis in these same cells, a necrosis that can be inhibited by HDL.
To examine the possible role of lipolytic remnants of TGrich lipoproteins in atherogenesis, we produced lipolytic remnants of TG-rich lipoproteins in vitro by incubating HTG serum or isolated VLDL with purified bovine milk LpL or in vivo by injecting heparin into a hypertriglyceridemic (HTG) human subject. The interactions of these remnant products with cultured mouse peritoneal macrophages were then studied.
Methods
Materials. Fresh normolipidemic and HTG (type IV and V) plasma or serum was obtained from volunteers and from the Alabama Regional Blood Center, Birmingham, AL. Fresh serum was also obtained from normolipidemic volunteer subjects after an overnight fast (fasted serum) and 4 h after a fatty meal (postprandial lipemic serum). Two subjects, one with moderate hypertriglyceridemia (fasting TG and cholesterol concentrations of660 and 308 mg/dl, respectively) and one with mild hypertriglyceridemia (fasting TG and cholesterol concentrations of 232 and 141 mg/dl), were recruited for the in vivo lipolysis studies. Lipoprotein cholesterol profiles in these plasmas were examined by the vertical autoprofile (VAP) method developed in this laboratory (15) . VLDL, LDL, and HDL fractions were quantitatively fractionated from a portion of the above plasma by the single vertical spin (SVS) density gradient ultracentrifugation method (16) . LpL was separated from raw bovine milk and purified by the heparin-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ) affinity chromatographic method described by Iverius et al. (17) . Unstimulated macrophages were harvested from the peritoneal cavities offemale white mice (CD 1; Charles River Breeding Laboratories, Wilmington, MA) according to the method of Edelson and Cohn (18) . . Approximately 50% of the cells were killed within 2 h and Pos-lp*otsls 100% of cells were killed within 9 h after addition of the lipolyzed serum to the culture dishes ( Fig. 1 B) . Light microscopic examination of cultured macrophages incubated with a sublethal dose of lipolyzed serum (2 gg cholesterol/dish) showed the presence of numerous lipid inclusions, resembling those seen in foam cells, within the cytoplasm of the surviving macrophages (Fig. 1 C) . Normolipidemic serum was lipolyzed under identical conditions as HTG serum and incubated with macrophages. Neither cytotoxicity nor foam cell formation was observed (Fig. 1   D) . However, when this plasma was supplemented with preisolated VLDL and the supplemented plasma incubated with LpL, the resultant product was both cytotoxic and foam cell inducing; cytotoxicity was found to be dependent on the level of VLDL supplementation (Fig. 1 D) .
Control (Fig. 2 A) . Based on the relative cytotoxicity of these individual lipoprotein fractions, HDL was the most cytotoxic fraction in the lipolyzed HTG serum (Fig. 2 B) . Cytotoxicity ofpostprandial lipemic serumfrom normolipidemic subjects. Ingestion of a fatty meal by normotriglyceridemic subjects resulted in an -380 mg/dl increase in plasma TG and a 10 mg/dl increase in plasma cholesterol 4 h after the meal in the subject with a brisk chylomicron response but resulted in only a 33 mg/dl increase in TG with little or no change in plasma cholesterol in the subject with a normal chylomicron response (Fig. 3 A) . The increase in cholesterol was associated exclusively with an increase in cholesterol in the VLDL density region of the plasma (Fig. 3 A) . In vitro 't §£ <' lipolysis produced little or no cytotoxicity in fasted or post- 20 60 prandial serum from the normal responder and in fasted serum from the brisk responder. However, the postprandial serum from the brisk responder after in vitro lipolysis was oed from in vitro lipolyzed highly cytotoxic to cultured macrophages (Fig. 3 B) . (Fig. 4 B) . The not cytotoxic to the cells (Fig. 4 B) ; only a few lipid inclusions were detectable in these cells. The postheparin serum obtained at 60 min was only marginally cytotoxic to the cells (Fig. 4 B) , although the extent of hydrolysis of TG in this serum was slightly greater than that in the postheparin serum obtained at 30 min. These results suggest that the cytotoxic components of lipolyzed serum can be produced in vivo but are removed rapidly from the circulation. However, macrophages incubated with postheparin serum obtained at 60 min had approximately as many lipid inclusions as macrophages incubated with 30 min postheparin serum (data not shown). Postheparin serum from the mildly HTG subject was also cytotoxic to cultured macrophages, but the cytotoxicity of this serum was considerably less than the postheparin serum from the moderately severe HTG serum (Fig. 4 E) . Pre-and postheparin HTG sera from the moderately severe HTG subject were fractionated by SVS into VLDL, LDL, HDL, and free protein and each of these fractions incubated with macrophages. HDL, IDL, and to a lesser extent VLDL were considerably more cytoxic than the LDL fraction (Fig. 4  C) . However, cells incubated with LDL fraction were shown to contained numerous lipid inclusions (data not shown). The lipoprotein free plasma fraction from the postheparin serum was not cytotoxic but caused a few lipid inclusions within the cells (Fig. 4 C) . None of the preheparin HTG serum fractions were cytotoxic (Fig. 4 C) .
Contribution ofindividual plasmafractions to postlipolysis cytotoxicity. To examine the contribution of the individual lipoprotein components of plasma to the cytotoxicity of lipolyzed HTG plasma, we isolated VLDL, LDL, and HDL fractions from normolipidemic or HTG plasma and incubated the individual lipoproteins with LpL in the presence of fatty aciddepleted BSA. In these experiments only, the VLDL fraction was cytotoxic to the mouse peritoneal macrophages and foam cell inducing (Fig. 5 A) . Examination of the morphology of LpL-induced remnant VLDL by negative stain electron microscopy (Fig. 5 B) showed that these remnants were composed of a mixture of liposome-like electron-lucent vesicles and spheroidal IDL-and LDL-sized lipoprotein particles containing attached electron-lucent vesicles.
We previously showed that incubation of HTG plasma with LpL in vitro resulted in the transfer of a major portion of VLDL remnant surface components (phospholipid, unesterified cholesterol, and apolipoproteins C) to the HDL density region (26) . As shown in Fig. 5 B, remnants produced in the presence of HDL are composed entirely of IDL-and LDLsized lipoprotein particles containing little or no vesicular material. Analysis of the apolipoprotein composition of the LpLinduced remnant VLDL by SDS gradient gel electrophoresis (Fig. 4 C) showed that the remnants produced in the absence of HDL contained essentially all of the apolipoprotein C, whereas the remnants produced in the presence of HDL contained essentially no apolipoprotein C. As shown previously in Fig. 2 B, when HTG plasma was incubated with LpL and the cytotoxicity of the isolated lipoprotein fractions measured, HDL was more cytotoxic to the macrophages than either LDL or VLDL (100% killing at 2, 5, and 10 ,g cholesterol per dish, respectively). These results suggest that HDL may be especially effective in uptake of the cytotoxic factor(s) from remnant VLDL and that the VLDL remnant surface components transferred to HDL under these conditions probably contain the cytotoxic factor(s). One of the major differences between Effects ofHDL on macrophage viability. To test the possibility that HDL would inhibit the cytotoxicity of lipolyzed remnant VLDL at higher HDL to VLDL ratios, we produced the lipolytic remnants of VLDL in the presence of increasing concentrations of HDL in the lipolysis mixture, and the cytotoxicity and structure or composition of the VLDL remanants were further determined. As shown in Fig. 6 A, HDL did indeed reverse the cytotoxicity of lipolyzed remnant VLDL. At HDL to VLDL ratios of 1.0 or lower, both the remnant VLDL and the HDL isolated from the lipolysis mixtures were cytotoxic, killing 60% or more ofthe cells. However, at ratios of 2.0 or greater, the cytotoxicity of both the remnant VLDL and the Normolipidemic plasmas have HDL to VLDL ratios offour or greater. When HDL was added directly to the culture dishes (Fig. 6 B) , inhibition ofcytotoxicity was even more impressive; complete protection, comparable to controls, was provided by the addition of HDL at a HDL to VLDL ratio of 2.0. The addition of LDL directly to the culture dishes at up to six times the effective concentration of HDL had no measurable effect on remnant VLDL cytotoxicity (Fig. 6 B) , indicating that inhibition of cytotoxicity is unique to HDL among the lipoprotein classes.
Additional experiments indicated that serum albumin at twice physiological concentrations provided minimal protection (20% viability) from cytotoxicity (Fig. 6 A) . Because the levels of albumin in plasma are less variable than those of TG-rich lipoproteins or HDL, because the physiological levels of albumin in whole HTG plasma failed to provide protection from post-lipolysis cytotoxicity, and because the postheparin HTG serum was cytotoxic at 30 min, the protection provided in vivo by albumin may be of considerably less physiological significance than that provided by HDL.
Characterization ofcytotoxic components. As a first step in characterization of the cytotoxic factor(s) in lipolyzed VLDL, we extracted the lipid of control and lipolyzed VLDL with the mixtures ofchloroform-methanol (2:1, vol/vol). After removal of the solvent and sonication of the lipid in aqueous suspension, the two lipid extracts were incubated with macrophages. The lipid from the lipolyzed VLDL on a per microgram cholesterol basis was somewhat more cytotoxic as compared with that ofthe original lipolyzed VLDL, whereas the lipid from the control VLDL was essentially noncytotoxic (Fig. 7 A) . The lipid-free apolipoprotein components of both VLDL fractions were noncytotoxic (data not shown).
We have begun a preliminary characterization of the factor(s) in the lipid components of the VLDL remnants (presumably localized to the vesicular surface material) responsible for macrophage cytotoxicity. A number of studies have suggested that LDL-containing peroxidized lipid is cytotoxic to cells in culture (27, 28) . We have examined the level of oxidized lipids in control and lipolyzed VLDL or HTG serum and determined the effect of including antioxidant (BHT) during lipolysis and dialysis of the sample. We found that lipolysis has no effect on the level of oxidized lipid, as judged by the changes in level of thiobarbituric acid-reacting material in the dialyzed samples of control and lipolyzed VLDL or HTG serum (Table I) . Further, inclusion of BHT during lipolysis and subsequent dialysis of the lipolyzed HTG serum had no effect on the cytotoxicity oflipolyzed HTG serum (Table I) .
FFA and lysolecithin are known products of lipolysis by LpL (29) and are potentially cytotoxic. Unesterified cholesterol has been implicated as a potential cytotoxic and atherogenic substance (30) . We have examined the levels of FFA, lysolecithin, and unesterified cholesterol in lipolyzed VLDL and the cytotoxic effect of these lipids to cultured macrophages.
The levels of FFA and lysolecithin in the remnants of VLDL produced in the presence of a physiological level of albumin in the lipolysis mixture are three to four times greater than those in control VLDL. The concentration of FFA associated per milligram cholesterol of control VLDL and remnant VLDL was 40 and 176 ,g, respectively, and the concentration oflysolecithin was 23 and 73 jg, respectively. The level (Fig. 7 B) . Sonicated egg lecithin liposomes containing FFA, lysolecithin, or unesterified cholesterol were not cytotoxic to the cultured macrophages even at two to three times the concentration of FFA, lysolecithin, or unesterified cholesterol in lipolyzed VLDL (Fig. 7 B) . The liposomes containing FFA were, however, foam cell producing (data not shown). Analysis of FFA in pre-and postheparin HTG serum showed that the 30-min sample contained less FFA (556 ,gmol/dl) than the 60-min sample (612 ,1mol/dl) but was significantly more cytotoxic than the 60-min sample (Fig. 4 B) . Further, the 60-min postheparin serum contained six times as much FFA as the preheparin control serum (124 umol/dl) but showed very little cytoxicity to macrophages (Fig. 4 B) . Analysis of FFA concentration in the plasma fractions of pre-and 30-min postheparin serum showed that the plasma free protein fraction contained most of the FFA increase in the serum (I 50%) but was not cytotoxic to the macrophages (Fig. 4 C) .
Cytotoxicity ofLipolyzed Very Low
At physiological concentrations, albumin and HDL were found to be equally effective in removal of both FFA and lysolecithin from VLDL remnants. Because HDL is considerably more effective than albumin in inhibition of cytotoxicity (Fig. 6 A) 
Discussion
We demonstrate in this study that lipolysis of TG-rich lipoproteins in vitro or in vivo results in remnants that are cytotoxic and foam cell inducing when incubated with cultured macrophages. Although incubation of isolated LDL or HDL with LpL fails to cause these lipoproteins to become cytotoxic, lipolysis of whole serum can cause the HDL fraction, and to a lesser degree, the LDL fraction, to become cytotoxic and foam In preliminary studies, a number of cell types in addition to mouse peritoneal macrophages have been examined (Table II) . Lipolyzed TG-rich lipoproteins and HTG serum are cytotoxic to human monocyte-derived macrophages but, interestingly, not to the monocytes themselves. Further, lipolyzed VLDL is cytotoxic to the macrophage-like J774 cell line but only at a dose seven times higher than needed to kill mouse or human macrophages (Table II) . Lipolytic remnants are not cytotoxic to human skin fibroblasts and rat cardiac myocytes.
Finally lipolyzed VLDL is cytotoxic to cultured human umbilical cord endothelial cells (31) . Because injury of the arterial endothelial cell is considered an early event in the development of atherosclerosis (32) , these preliminary studies suggest the possibility that the cytotoxic and foam cell-inducing lipolytic remnants of TG-rich lipoproteins may play a role in the development of atherosclerosis. It is apparent from (Table  I) . However, we can not tule out at present the possibility that lipolyzed VLDL is more susceptible to cell-mediated oxidation than control VLDL.
It has long been suspected that lipolytic remnants of TGrich lipoproteins in animals on an atherogenic diet are responsible for the development of atherosclerosis in these animals (10). Several studies by Kruth (33, 34) (36) and other animal models of atherosclerosis, such as baboons and dogs (37, 38) . Furthetmore, the lipid incusions in the foam cells ofboth humans and animal models of atherosclerosis have been reported to contain liposome or surface remnant-like myelin bodies (36, 37).
Humans spend a great deal of time, albeit episodic, in the postprandial HTG state. We showed in Fig. 3 that postprandial serum, but not fasting serum, when lipolyzed in vitro, is cytotoxic to cultured macrophages (Fig. 3) (39) . Perhaps a function of the HDL receptor is to raise the HDL concentration at the endothelial cell surface to match that of cytotoxic TG-rich remnants.
A surface remnant model for atherogenesis has three interesting implications: (a) recent studies (40) support the notion that early atherosclerosis in humans begins in regions of the coronary artery subject to low hemodynamic shear stress. It is well known that arterial branch points, for example, the aortic intercostal ostia, are highly susceptible to early atherosclerotic plaques. A simple explanation for this correlation is that there is a concentration gradient of atherogenic (i.e., cytotoxic) substance(s) extending outward from the endothelial surface of the arterial wall; high shear stress would be expected to disrupt this gradient.
(b) Inherited or acquired regional differences in density and/or structure of the LpL binding sites or the HDL receptor on the endothelial surfaces of large-to-medium-size arteries could explain the otherwise unexplained individual variations A number of studies have shown that VLDL from HTG plasma is cytotoxic to cultured endothelial cells (41, 42) . We have observed that circulating TG-rich lipoproteins isolated from certain HTG individuals are cytotoxic to macrophages even in the absence of prior in vitro lipolysis, and that the cytotoxicity of these lipoprotein fractions is further increased by in vitro lipolysis (data not shown). This is additional evidence that the cytotoxicity of remnant lipoproteins may be a factor in vivo.
In conclusion, as a working hypothesis we suggest that vesicular cytotoxic surface remnants of lipolyzed VLDL and chylomicrons may represent a major class of atherogenic lipoproteins that are exacerbated during postprandial hyperlipidemia. Further, we suggest that inhibition of the cytotoxicity of these remnants may be one important way that HDL prevents atherosclerosis. An appealing aspect ofthis hypothesis is that it can account for several unexplained features ofatherosclerosis, such as anatomic differences in susceptibility to atherosclerosis in the vascular tree and the vesicular nature of lipid deposits in early atherosclerosis.
